Many single-nucleotide polymorphisms (SNPs) have been reported to be associated with lipid concentrations in recent genome-wide association studies. The aim of this study was to validate the associations of rs2197089 in the lipoprotein lipase (LPL) gene with serum lipid concentrations and gene expression levels in the Chinese Han population and examine the potential interactions. A total of 9339 participants were recruited and genotyped for rs2197089. Gene expression levels of LPL in blood cells of 309 participants were evaluated by real-time PCR. We observed significant associations between rs2197089 and decreased triglycerides (TG) (P ¼ 0.0006), but not high-density lipoprotein cholesterol (HDL-C) concentration (P ¼ 0.0881). However, weak evidence of interaction between cigarette smoking and rs2197089 was detected (P ¼ 0.0362). In smokers, significant association between rs2197089 and increased HDL-C concentration was found (P ¼ 0.0068). Participants with the minor allele A had higher expression levels of LPL (P ¼ 0.0243). The results of our study indicated that rs2197089 was significantly associated with TG but it was associated with HDL-C only in smokers. This SNP seemed to have influence on the expression level of LPL.
INTRODUCTION
Lipoprotein lipase (LPL) is a key enzyme in the metabolism of lipoproteins. It hydrolyzes plasma lipoprotein triglycerides (TG) into free fatty acids and glycerol, converts very-low-density lipoprotein to low-density lipoprotein cholesterol. 1 The LPL gene is located at 8p22 and comprises 10 exons spanning about 30 kb. 2, 3 Serum lipid concentrations are affected by both lifestyle factors, such as diet, obesity, physical activity, and genetic factors. 4 Several functional polymorphisms in LPL have been studied with regard to their associations with lipid profile and risk of coronary heart disease in candidate gene association studies. 5, 6 In recent years, many single-nucleotide polymorphisms (SNPs) in or near LPL associated with plasma levels of high-density lipoprotein cholesterol (HDL-C) and TG have been reported in several genomewide association studies (GWAS) [7] [8] [9] [10] [11] [12] and most of them are in high linkage disequilibrium. The SNP rs2197089, in the 3 0 downstream of the LPL gene, has been reported to be associated with HDL-C and TG. 8, 9, 12 Some later studies successfully replicate the associations in different ethnicities, such as African American, American Indian, Mexican American and Hispanic populations. [13] [14] [15] However, not all the GWAS-identified associations can be replicated in diverse ethnic groups. For example, the association between rs2197089 and TG failed to generalize in African Americans. 14 It is suggested that the true differences in the associations between the genetic polymorphism and serum lipid concentrations between ethnic groups may result from differing prevalence of other factors involved in gene-gene and gene-environment interactions. 16 In support of this hypothesis, significant interactions have been observed between LPL gene polymorphisms and environmental factors, such as smoking, [17] [18] [19] [20] [21] gender, 17, 22 alcohol consumption, 20 dietary, [23] [24] [25] physical activity 18, 26 and obesity. 24, [27] [28] [29] [30] [31] [32] However, results from other studies did not support some of these findings for interaction between LPL SNPs and smoking, 24, 33, 34 gender, 24 alcohol consumption, 24, 33 dietary, 35, 36 physical activity 20, 25 and obesity. 20, 37, 38 The association between rs2197089 and lipid concentrations was less reported in the Chinese Han population, and so was the interaction of this SNP with risk factors on lipid concentrations. The aim of this study was to validate the associations between this SNP and serum lipid concentrations in the Chinese Han population and examine the potential effect modification of these associations by interactions with cigarette smoking, alcohol consumption, hypertension, gender and obesity. Furthermore, the relationship between rs2197089 and gene expression levels of LPL was also evaluated.
MATERIALS AND METHODS

Study population
A group of 9339 participants were randomly selected from the International Collaborative Study of Cardiovascular Disease in Asia (InterASIA in China) 39 and judged to be free of coronary heart disease, stroke, renal or hepatic diseases, type 2 diabetes and cancer by medical history. Standard questionnaire were used by trained interviewers to obtain information on demographic characteristics including age, gender, ethnicity, details of medical history, smoking and alcohol consumption. Blood pressure, weight and height were recorded. This study was approved by the local bioethics committee, and all subjects gave written informed consent.
Biochemical measurements
Overnight fasting blood samples were drawn by venipuncture to measure serum biochemical measurements including total cholesterol, HDL-C, TG and glucose. 
DNA extraction and genotyping
Genomic DNA was isolated from white blood cells according to a standard procedure using a DNA extraction kit (Tiangen Biotech, Beijing, China). SNP was genotyped using genomic DNA with the fluorogenic 5 0 -nuclease TaqMan allelic discrimination assay system (Applied Biosystems, Foster City, CA, USA). The assays were performed under standard conditions on a 7900 HT Fast RealTime PCR instrument (Applied Biosystems). Successful genotyping rate was over 98%. For quality control, 2% of the samples were randomly selected and genotyped in duplicate. A comparison of the duplicate results showed that the discrepancy was not 41%.
RNA extraction and real-time PCR
To analyze the mRNA level of the LPL, we separated peripheral blood mononuclear cells from fresh blood samples of 309 healthy individuals. Total RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA, USA). After quantification, 1 mg of total RNA was reverse transcribed using Moloney Murine Leukemia Virus Reverse Transcriptase (Tiangen Biotech) with oligo dT according to the manufacturer's instructions.
Real-time PCR was performed using the Applied Biosystems 7900 HT Fast Real-Time PCR System. Expression of all assays was measured in triplicates and average values of the triplicates were used for the analysis. Gene expression was quantified using the comparative Ct method, which standardized the Ct values to an internal housekeeping gene (ACTB) and calculated the relative expression values (DCt method).
Statistical analysis
Statistical power was calculated by using Quanto software (http://hydra.usc.edu/gxe/). Statistical analyses were performed with the SAS (Version 9.0, SAS Institute, Cary, NC, USA) software package. The distributions of HDL-C and TG were evaluated by skewness and kurtosis statistics. TG values were logtransformed to approximate a normal distribution, and the log-transformed values were used in all statistical tests. Deviation from Hardy-Weinberg equilibrium was tested by w 2 -test. The SNP was analyzed as 0, 1 or 2 copies of the minor allele in an additive genetic model. Linear regression was used to test for association between the number of minor alleles and the concentrations of HDL-C and TG. All models were adjusted for age, gender, hypertension, body mass index and smoke status. To detect the potential gene-environment interactions, an extra interaction term about the genotype and variables for exposure was included in the regression model. The trend of the mean LPL expression levels in different genotype groups was tested using simple linear regression test. In all analysis a P-valueo0.05 was considered statistically significant. Multiple testing was adjusted using Bonferroni correction. Table 1 showed the general characteristics of the participants included in this study. We investigated the associations between rs2197089 and lipid concentrations in the 9339 study samples. Genotype frequency for rs2197089 and the results of the stepwise linear regression analyses were shown in Table 2 . The minor allele frequency of rs2197089 was 33.8% in our samples. No significant deviation from Hardy-Weinberg equilibrium was observed for this polymorphism (P ¼ 0.2608). We have 96% power to detect the association between rs2197089 and lipid concentration under the additive model with a main effect of 0.02 in our study. Under an additive model, we observed significant associations between rs2197089 and decreased TG (Effect ¼ À0.028
RESULTS
Association with lipid concentrations
However, weak evidence of interaction between cigarette smoking and rs2197089 was detected, as the corresponding product term in the regression model had significant contribution for HDL-C (P ¼ 0.0362). The interaction did not reach a significant level of 0.05 if we considered the multiple testing (two times of evaluations for interactions).
We performed subgroup analyses by separating the study population into smokers and nonsmokers (Table 2 ). In smokers, we observed significant association between rs2197089 and increased HDL-C concentration (Effect ¼ 0.023 ( ± 0.008), P ¼ 0.0068), even after considering multiple testing (six times for testing association of rs2197089 with HDL-C and TG in all, smokers and nonsmokers). In nonsmokers, the association was not significant. The effect of rs2197089 on TG concentration seemed not to be modified by smoking, as minor allele A carriers had lower TG concentration than GG homozygotes in both smokers and nonsmokers. We attempted to find additional interactions between rs2197089 and other factors, such as alcohol consumption, hypertension, obesity and gender, but no significant result was found, neither for HDL-C nor TG. Figure 1 showed the result of gene expression analysis. The standardized expression level of the minor allele A carriers were higher than that of the major allele homozygotes. The expression levels significantly increased as the copy of the A allele increased (P-value for linear trend test was 0.0243). The AA homozygotes and AG heterozygotes had 1.41 and 1.22-fold higher expression levels than the GG homozygotes, respectively.
LPL gene expression
DISCUSSION
In the present study, we first evaluated the associations between rs2197089 and lipid concentrations in a group of 9339 samples of the Chinese Han population. We found that rs2197089 was associated with decreased TG concentration, but not HDL-C. However, significant association between rs2197089 and increased HDL-C concentration was observed in smokers. The expression levels of LPL gene in different genotype groups seemed to be discrepant. Participants with the minor allele A had higher expression levels of LPL.
Three GWASs reported the associations between rs2197089 and HDL-C and TG concentrations. 8, 9, 12 However, some studies showed that not all the GWAS-identified associations can be replicated. The Population Architecture using Genomics and Epidemiology study was established to determine whether GWAS-identified variants generalized to diverse groups drawn from population-based studies. 40 Forty-nine GWAS-identified SNPs, which were associated with one or more lipid traits, were genotyped in a recent study and only 16 associations could be generalized across African American, American Indian, Mexican American and Hispanic populations. The association between rs2197089 and HDL-C was successfully generalized across the four populations, but the association between rs2197089 and TG failed to generalize in African Americans. 14 There was quite a difference for the frequency of rs2197089 between different populations. The A allele frequency was 55% in Europeans, and much higher in African Americans (78%), but the frequency in East Asian, American Indian, Mexican American and Hispanic populations was o50%. It was 33.8% in our study. The linkage disequilibrium structure was slightly different between CEU (Utah Residents with Northern and Western European Ancestry) and CHB (Han Chinese in Beijing) in HapMap data as well. Allele frequency and linkage disequilibrium structure differences might be explanations for non-replication for the association between rs2197089 and HDL-C concentrations in our samples.
The associations between genotypes and phenotypes can be modified by gene-gene and gene-environment interactions. Effect modification of the associations between LPL SNPs, rs263 in intron, 5, 25 HindIII (rs320) in intron 8, 17, 18 and S447X (rs328) in exon, 9, 17, 20, 21 and serum lipid concentrations by interactions with cigarette smoking has been reported. The minor allele of rs263 was reported to be associated with higher HDL-C and lower TG levels through an interaction with smoking, and the effect was stronger in smokers than in nonsmokers. 25 For the HindIII polymorphism, Peacock et al. 17 found that smokers with the H þ allele had higher levels of TG than those with one or more H-alleles. This effect was larger and significant only in smoking women and was marginally significant in smoking men, but effects were smaller and opposite in Table 2 HDL-C and TG concentrations in the study samples The standardized expression levels of the minor allele A carriers were higher than that of the major allele homozygotes. P-value for linear trend test was 0.0243. The AA homozygotes and AG heterozygotes had 1.41 and 1.22-fold higher expression levels than the GG homozygotes, respectively. BMI, body mass index; DBP, diastolic blood pressure; GLU, glucose; HWE, HardyWeinberg Equilibrium; LD, linkage disequilibrium; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure.
the nonsmokers. Sentí et al. 18 reported that in smokers, sedentary H þ H þ homozygotes showed significantly higher TG and lower HDL-C concentrations than sedentary H-carriers. No statistically significant differences were observed in lipid levels of active or sedentary nonsmokers between H-carriers and H þ H þ homozygotes. For S447X, the association of the X447 allele with higher HDL-C was reported to be significant only in non-smoking women but not in smoking women by Komurcu-Bayrak et al. 21 However, Lee et al. 20 showed that in both men and women, X447 allele carriers had higher HDL-C concentration, but the effect was greater in smokers than in nonsmokers. However, some studies found that the interaction of rs263 Andreott et al. 24 and rs328 Talmnd et al. 33 and Skoglund-Anderson et al. 34 with smoking was not significant. Weak evidence of interaction between rs2197089 and smoking on HDL-C concentration, which has not been reported in previous studies, was detected in our study. SNP rs2197089 might influence HDL-C concentration by interacting with smoking. In smokers, rs2197089 was detected to be significantly associated with HDL-C concentration. HDL-C concentration increased as the copy of the minor allele A increased. But in nonsmokers, AA homozygotes did not have higher HDL-C concentration. Then, another explanation for non-replication for the association between rs2197089 and HDL-C concentration in Chinese Han population might be geneenvironment interactions. Smoking was reported to be related with reduced LPL activity, 41 but the precise mechanisms by which the interaction of LPL polymorphisms with smoking affects lipid concentrations were still unknown. As most GWAS-identified SNPs were present in non-coding regions, a functional SNP would be most likely affecting gene regulation by altering the binding of some transcription factors. Smith et al. 42 carried out a study to validate the candidate functional SNPs in LPL. The electrophoretic mobility-shift assay analysis revealed potential binding differences between the wild-type and variant alleles of rs2197089 using the Huh7 cell line. We thought that rs2197089 might have some functional effects on gene expression. Our expression study showed that the expression levels of LPL gene in different genotypes seemed to be different. Participants with the minor allele A had higher expression levels of LPL. Overall, the previous in vitro study and our expression study suggested that rs2197089 might influence the expression of the LPL gene by affecting the binding of some transcription factors, and then influenced the lipid concentrations.
In summary, the results of our study demonstrated that rs2197089 was associated with TG concentration. The effect of this SNP on HDL-C concentration might be modified by smoking. The SNP genotypes seemed to have influence on the expression levels of LPL. In this paper, however, only one SNP in the 3'-end region of LPL was reported, other polymorphisms in and around this region should also be investigated in the future and further studies are needed to elucidate the underlying mechanisms.
